Introduction {#sec1}
============

Weak polyelectrolyte brushes are responsive to environmental conditions including pH, ionic strength, and type of ionic species in solution.^[@ref1]−[@ref5]^ The ability to control brush conformation by an environmental stimulus makes these responsive brushes ideal for many applications including microfluidics, reversible colloidal stabilization, biosensing, and chemical gating.^[@ref6]^ The swelling response of hydrophilic and hydrophobic weak polyelectrolyte brushes in monovalent salt solutions has been well-characterized, and close agreement between theory and experiment is possible.^[@ref7],[@ref8]^ However, many theories are incomplete. For example, until recently,^[@ref9],[@ref10]^ known specific ion effects in weak polyelectrolyte brushes were not accounted for by theory.

Analytical^[@ref11]−[@ref13]^ and numerical^[@ref10],[@ref14]−[@ref18]^ self-consistent field (SCF) theories along with molecular theories^[@ref19]−[@ref22]^ have been applied to weak polyelectrolyte brushes. Close agreement between neutron reflectivity fits of poly(acrylic acid) (PAA) brushes and predictions from analytical SCF theory was reported by Sudre et al.^[@ref23]^ Mahalik and co-workers were able to qualitatively reproduce the volume fraction profile of a poly(2-dimethylamino)-ethyl methacrylate brush using nSCF theory.^[@ref24]^ The molecular theory of Léonforte et al.^[@ref22]^ has reproduced the equilibrium pH and ionic strength response of an acidic PAA and a basic poly(2-vinylpyridine) brush, while also providing insight into the kinetics of brush swelling and collapse that supports experimental data. Recently, we have shown that trends in the pH, ionic strength, and specific ion response of a weakly basic poly(2-diisopropylamino)ethyl methacrylate brush as measured by in-situ ellipsometry^[@ref4],[@ref5]^ and neutron reflectometry^[@ref10]^ can be qualitatively matched using a nSCF theory that assigns a Flory--Huggins interaction parameter (with the solvent) to both the monomer segments and salt counterions.^[@ref10]^

All these experimental and theoretical studies have led to a great deal of understanding on the responsive properties of weak polyelectrolyte brushes. The effect of pH in these systems is relatively straightforward. For polybasic brushes in acidic solution, the polymer protonates (with the degree dependent on the p*K*~a~ of the polymer and the ionic strength), and the increase in charge results in chain extension (due to electrostatic repulsion) and brush swelling (due to solvent and counterion uptake). The opposite is true in alkaline solutions, where the brush deswells and the polymer chains contract. The behavior of weak polyelectrolyte brushes to variations in salt concentration is more complicated.^[@ref8],[@ref22]^ To compensate for the energetically unfavorable electrostatic repulsions between chains, the brush responds via three mechanisms: the acid--base equilibria can shift to the uncharged state, chains can extend with the cost of losing conformational entropy, or counterions can be confined within the brush at the expense of translational entropy. At low salt concentration, the first mechanism dominates and the brush is uncharged, and so less extended chain conformations are favored. With increasing ionic strength, counterion confinement is more favorable, allowing the brush to charge while simultaneously swelling due to the increased osmotic pressure (osmotic brush). At higher salt concentrations, the brush is fully ionized, and charge screening effects result in brush collapse (salted brush). With all other brush characteristics being equal, hydrophilic polymers swell to a greater extent and also deswell less because polymer--solvent interactions are more favored for hydrophilic polymers compared to hydrophobic ones, which undergo collapse in poor solvent conditions.

Weak polybasic polymers also experience clear specific anion (Hofmeister) behavior at salt concentrations greater than ∼10--50 mM.^[@ref5],[@ref10],[@ref25],[@ref26]^ For these brushes, in the presence of strongly hydrated (kosmotropic) anions, brush swelling is large, while the degree of swelling is much lower in the presence of weakly hydrated (chaotropic) anions. In our previous work, we show that the specific anion response of a hydrophobic weak polybasic brush can be accounted for by considering the degree of hydration of the counterion.^[@ref10]^

Experimentally, it is known that the swelling and structural behavior of weak polyelectrolyte brushes depend on numerous factors: pH, ionic strength, type of salt ions, valence of salt ions, hydrophobicity of monomers, temperature, polymer grafting density, and electric fields. Nowadays, all of these factors can be accurately and efficiently evaluated for polyelectrolyte brush systems. However, one important question that remains unexplored is how will polyelectrolyte brushes respond in mixed salt solutions (or real-world environments). Here we report on how weak polyelectrolyte brushes respond in mixed salt solutions and present scenarios wherein one type of salt controls the brush behavior in mixed salt solutions. We adapt our existing nSCF theory^[@ref10]^ for weak polybasic brushes to study salt solutions composed of different types of salt ions. Specifically, we model brush behavior for varying percentages of monovalent chaotropic (weakly hydrated, hydrophobic) counterions and monovalent kosmotropic (strongly hydrated, hydrophilic) counterions present in the bulk solution. In this work we show that our nSCF theory can be used as a predictive tool in the planning and developing of well-targeted experimental studies. Moreover, we show how solvents containing mixtures of salt provide additional pathways to tune the responsive behavior of polybasic brushes.

Theoretical Modeling Approach {#sec2}
=============================

Over the years, numerical self-consistent field (nSCF) theories have simulated the conformational and structural features of ionizable (weak) polyelectrolyte brushes, and many of these predictions have been verified experimentally.^[@ref10],[@ref23],[@ref24]^ The predictions of nSCF theory align excellently with those made by molecular dynamics simulations and are more computationally efficient by several orders of magnitude.^[@ref27]^ The lattice model employed here is that of Scheutjens and Fleer,^[@ref28]^ which is described in detail elsewhere,^[@ref28]−[@ref30]^ so only essential theory and assumptions will be discussed below.

One point that we feel is important to emphasize here are the limitations of our model. nSCF theories suffer from a lack of chemical detail because the shape and size of all species are defined by the lattice. As such, complex models, like the one implemented here, are not intended to quantitatively predict or replicate experimental results but instead elucidate trends^[@ref31]^ and to provide qualitative insight into brush behavior.

Accurate simulation of polymer brushes requires the Edwards diffusion equation for polymer chains immersed in inhomogeneous systems to be solved:^[@ref32]^where the Green's function *G* is the statistical weight of all possible chain conformations with segment *s*′ = 1, next to the substrate surface (**r**~*z*~ =1) and segment *s*′ = *s*, at coordinate **r**, and *u*(**r**) is the dimensionless segment potential. *G* is closely related to the chain partition function (when *s* = *N*, the total number of segments) and hence the Gibbs free energy of the system. The segment potential mimics the excluded volume interactions, while also accounting for the solvent quality and the electrostatic interactions (which are discussed a little later). [Equation [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} has generally no exact analytical solution but, as shown by Scheutjens and Fleer,^[@ref28]^ can be implemented in a rather general formalism that can be solved numerically with high accuracy. This method makes use of lattice approximations and implies a noticeable change of the chain model; instead of the Gaussian chain model, the lattice-freely jointed chain model is used for [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. The difference between these chain models is only important when finite chain extensibility is considered. Gaussian chains can stretch beyond the contour length, while freely jointed chains on a lattice cannot.

The self-consistent field model of Scheutjens and Fleer hence focuses on the evaluation of the statistical weight of all possible and allowed freely jointed chain conformations of the end-tethered polymer chains, where a collection of these chains forms a laterally homogeneous brush. In the current model, the brush is completely immersed in a molecular solvent (with states H~2~O, OH^--^, and H~3~O^+^) that contains cationic and anionic salt ions. Within the freely jointed chain model there exists an efficient propagator formalism that leads directly to the single chain partition function (needed for the free energy and for normalization of the density profiles) and produces routinely the segment density profiles for the polymer brush. The current nSCF work makes no prior assumptions concerning the shape of the segment potential profile and thus allows for deviations from analytical forms, such as the presence of (micro)phase separation,^[@ref33]^ to be captured. Three distinct components are known to influence the segment potentials. First, there is a so-called Lagrange contribution of which its value is coupled to the (in)compressibility condition ∑~*i*~φ~*i*~ = 1, where the index *i* runs over all "segment" (φ) types in the system (including solvent and ions). The second contribution is due to the short-ranged interaction (solvency effects), and the final contribution is due to the electrostatic contributions (similarly as in Poisson--Boltzmann theory). Typically, the segment potential is made dimensionless by the thermal energy *kT*. Here and below we follow this habit for all energy units.

The short-ranged molecular interactions are parametrized by Flory--Huggins nearest-neighbor (dimensionless) interaction parameters χ~*ij*~, while the number of contacts between components *i* and *j* is estimated using the Bragg--Williams mean-field approximation. The contribution due to charges involves a term proportional to the segment valence, the elementary charge *e*, and the electrostatic potential, ψ(*z*). In the case of monovalent ions *z*~*i*~ = ±1, the segment potential is given by (plus or minus) the dimensionless segment potential Ψ(*z*) = *eΨ*(*z*)/*kT*. Evaluating this electrostatic potential requires solving of the Poisson equation:^[@ref34]^Here, *q*(*z*) is the number distribution of charges, where cations add positively and anions negatively to this quantity, and ε~0~ is the dielectric constant of the solution. It is assumed that the dielectric permittivity is equal to that of water throughout the system.

The solvation of a polymer brush, and hence its swelling, depends strongly on the value and the sign of the overall virial coefficient and reads *v* = *v*~bare~ + *v*~el~. The bare virial coefficient *v*~bare~ is linked to the solvent quality χ, (via, *v*~bare~ = 1 -- 2χ), and the electrostatic contribution *v*~el~ is inversely proportional to the concentration of mobile salt ions φ~s~ and a quadratic function of the charge density α in the brush: *v*~el~ = α^2^/φ~s~. For polyelectrolytes in good solvents, the bare virial coefficient is often negligible compared to the electrostatic contribution. For hydrophobic polyelectrolytes, the overall virial coefficient does not necessarily dominate the electrostatic contribution, and the switching of the sign of the overall virial coefficient is expected to have important consequences for the brush structure.

For weak polyelectrolyte brushes, the degree of dissociation (and thus the value of α) is dependent on pH, ionic strength, and the local electrostatic potential,^[@ref15]^ which is modeled using a two-state theory.^[@ref32]^ For a weakly basic polycation, the monomer B can exist in neutral unprotonated state and a cationic protonated state: B + H~3~O^+^ ⇌ BH^+^ + H~2~O. In this model we assume a monomeric p*K*~a~ of 7 for symmetry and to limit the influence of pH on the ionic strength. The autodissociation of water is implemented as 2H~2~O ⇌ OH^--^ + H~3~O^+^ with a p*K*~w~ of 14. The degree of protonation, α, at location *z* then follows from , where Ψ(*z*) represents the local dimensionless electrostatic potential.^[@ref15]^ Consequently, the degree of dissociation can vary perpendicularly to the substrate surface, which is important for low ionic strengths where the Debye screening length is large.

The optimal brush structure is found after optimization of the mean-field energy. This optimization process is effectively implemented by a formalism that leads to the so-called self-consistent field results: (i) the maximization of the free energy to the Lagrange field gives the incompressibility rule (see above), (ii) the maximization of the free energy with respect to the segment potentials leads to the rule that segment densities should be computed from specified segment potentials (as explained above, the freely jointed chain propagator formalism effectively does this), and (iii) the optimization of the free energy to the segment densities gives the protocol to compute the volume fractions from the segment densities. We note that when the electrostatic potentials follow from the Poisson equation we know that we have also optimized the free energy with respect to charge distribution. Any solution that obeys all the rules are said to have potentials and densities that are consistent to each other and, hence, are referred to as the self-consistent solution. This point is routinely found numerically by an iterative procedure which is only stopped when seven significant digits are obtained for both the potentials and densities of all molecular species. The CPU time is typically short (seconds to minutes rather than hours), and the computer program (SFbox) runs on a desktop PC.

Model Implementation {#sec3}
====================

Our model of a weak polybasic brush has been implemented using a one gradient planar lattice with the key parameters summarized in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. Each lattice site has a size of 0.5 nm (volume of 0.125 nm^3^). The polymer chain length, *N*, in the brush is set to 100, and the grafting density, σ, is 0.025 chains per lattice site (0.1 nm^--2^), well within the brush regime where the height of the brush significantly exceeds the distance between grafting points. Polymer solvent quality (interaction between polymer and solvent) was varied from 0 (good solvent) to 2.5 (very poor solvent) in 0.5 unit increments; χ~polymer~ = 0.5 corresponds to the Flory--Huggins theta condition. This range is realistic; poly(2-dimethylamino)ethyl methacrylate, a relatively hydrophilic weak polybase, has a χ~polymer~ ∼ 0.6 at 25 °C, with values \>2 achieved when it is copolymerized with hydrophobic butyl methacrylate.^[@ref35]^ The bulk ionic strength and pH in the system are controlled by fixing a volume fraction of positively charged co-ions, ϕ~co-ions~, and H~3~O^+^, respectively, while the volume fraction of counterions, ϕ~counterions~, is set by the electroneutrality constraint for the reference bulk solution. Converting from ion volume fraction to molarity is easy; simply multiply by the molarity of bulk water (55 M). Importantly, this is not an exact conversion due to necessary compromises in setting the model's lattice parameters.

![Schematic illustration of the model and coordinate system employed for nSCF calculations. The only relevant coordinate is perpendicular to the substrate (the *z* direction). Each lattice layer parallel to the substrate is defined by a volume fraction of each species (polymer, co-ions, counterions, and water) with the size of each species equal to that of the size of a lattice site (0.5 nm). The grafting density is fixed by the volume fraction of polymer grafting points in the surface layer. Monomers and water can be either neutral or charged. The hydrophobicity of the polymer and the counterions is set by their respective Flory--Huggins (χ) interaction parameters with the solvent (χ \< 0.5 = hydrophilic, χ \> 0.5 = hydrophobic).](ma-2017-022449_0001){#fig1}

Specific ion and mixed salt effects are approximated by assigning Flory--Huggins interaction parameters to the counterions, χ~counterion~, present in the system, defining the counterion--solvent interaction. Values of χ~counterion~ \< 0.5 reflect strongly hydrated kosmotropes, while χ~counterion~ \> 0.5 (up to 2.5) are for increasingly chaotropic or weakly hydrated counterions. It is important to note that we make no assumption into the origin of the specific ion interactions, e.g., dispersion forces or Collins law of matching water affinities.^[@ref36]^ Our recent publication showed that the addition of the χ~counterion~ parameter was sufficient to qualitatively reproduce the experimentally observed specific ion response of a weak poly(2-diisopropylamino)ethyl methacrylate brush.^[@ref10]^ In the presence of strongly hydrated acetate anions, the brush behavior was qualitatively reproduced with χ~counterion~ = 0, while values of χ~counterion~ of 1 and 2.5 matched the trends seen for the increasingly chaotropic (or weakly hydrated) nitrate and thiocyanate ions.^[@ref10]^ In the present work, we study the influence of mixed salt solutions (mixtures of two different types of salt) on weak polyelectrolyte brush behavior by varying the ratio of two distinct counterion species with different Flory--Huggins parameters present in solution. In all simulations, the solution pH and co-ion concentration have been kept constant. We define the average brush thickness as the first moment of the polymer volume fraction profile. Counterion confinement within the brush is determined by calculating the excess amount of the given ion, θ~*i*~^brush^, in the system, θ~*i*~ = ∑~*i*~φ~*i*~(*z*) -- φ~*i*~^bulk^, as shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02244/suppl_file/ma7b02244_si_001.pdf).

Results and Discussion {#sec4}
======================

This section covers three main topics. First, in order to set the foundations, brush response to the variation of a single type of salt counterion is discussed, revealing that brush conformation is dependent on both polymer and counterion hydrophilicity. Second, a wide range of mixed salt solutions are considered, and the overall confinement of hydrophilic versus hydrophobic counterions within the brush is explored together with the consequences this has on average brush thickness and conformation. Third, the precise location of hydrophilic and hydrophobic counterions confined within the brush is investigated.

Influence of Single Salt Solutions {#sec4.1}
----------------------------------

As mentioned above, to begin we will study the response to varying ionic strength of a weak polybasic brush immersed in a solvent consisting of only a single type of salt counterion. We study ionic volume fractions ranging from 1 × 10^--5^ to 1 × 10^--1^ (∼0.55 to 5500 mM). In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, we present the average brush thickness and average charge (% charged monomers) for both a hydrophilic (χ~polymer~ = 0) and a hydrophobic (χ~polymer~ = 2.5) polymer for pH = 4. Choosing pH 4 is significant as pH ≪ p*K*~a~, so we can anticipate that in the absence of any electrostatic potential the degree of charging of the brush would be extremely close to unity at high enough bulk ionic strengths. At higher pH values, closer to and above the p*K*~a~, the percentage of charged monomer decreases.^[@ref10]^ For both the hydrophilic and hydrophobic polymers, the variation in overall brush thickness is nonmonotonic, as expected from existing theories^[@ref11],[@ref19]^ and experiments^[@ref3],[@ref5]^ for weak polyelectrolyte brushes.

![Average brush thickness as a function of ionic strength for a hydrophilic (a, χ~polymer~ = 0) and hydrophobic (b, χ~polymer~ = 2.5) weak polybasic brush and the corresponding percentage of charged monomers (c, d). Data calculated at constant pH value of 4 (3 units below p*K*~a~ of monomer units) for increasing values of χ~counterion~ corresponding to increasing counterion hydrophobicity.](ma-2017-022449_0002){#fig2}

At low ionic strength (\<10^--3^), the percentage of charged monomers within the brush is low, but with more added salt, the brush charge increases, reaching its maximum value at an ionic volume fraction of ∼10^--3^ (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d). The brush thickness initially follows the same trend: increasing with salt concentration until a maximum value, as a result of the greater electrostatic repulsion between chains and the uptake of counterions and associated solvent molecules by the brush from the bulk solution. This is the osmotic brush regime.^[@ref11]^ However, at higher ionic strengths, \>10^--3^, the average brush thickness begins to decrease as electrostatic screening effects become dominant (smaller Debye screening length), the salted brush regime,^[@ref11]^ and in poor solvents (hydrophobic polymers) collapsed polymer conformations are favored. For experimental studies on strongly charged polybasic brushes, ion-specific reswelling of the brush has been reported at very high ionic strengths and is attributed to charge reversal of the polymer chains;^[@ref37],[@ref38]^ this overcharging effect is not observed in our work.

The influence of polymer hydrophobicity on brush thickness is strikingly clear. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b for the hydrophobic polymer, ionic strength and counterion hydrophilicity have a much more pronounced effect on brush thickness. Even when uncharged the hydrophilic polymer is swollen, as expected for good solvent conditions. With increasing charge, brush thickness increases, but finite chain extensibility and excluded volume interactions result in limited chain extension,^[@ref39]^ so the additional swelling is minimal. For hydrophobic polymers, however, when uncharged at low salt or when the charge is screened at high salt, favored polymer--polymer interactions result in collapsed brush conformations. The brush thickness increases and reaches a maximum at intermediate salt concentrations, but the inherent hydrophobicity of the polymer means that the degree of swelling is substantially less than for the more hydrophilic polymer. In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, for all cases, average brush thickness decreases with increasing values of χ~counterion~ (counterion hydrophobicity), with the hydrophobic polymer being most sensitive to changes in χ~counterion~. For both polymers, the average charge is essentially invariant with χ~counterion~ above ionic volume fractions of ∼10^--3^ (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d), suggesting that counterion hydration plays a significant role in the observed brush thickness response in salted brush regime. Indeed, comparing the results presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} with our previous experimental work on three weak polybasic brushes of varying hydrophobicity reveals that the trends for both the polymer hydrophobicity,^[@ref4]^ and the specific anion response,^[@ref5]^ match up closely.

In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, we present predicted monomer volume fraction profiles for hydrophilic and hydrophobic brushes in the presence of counterions of increasing hydrophobicity (χ~counterion~ = 0, 1, and 2.5) over a range of solution ionic strengths. As expected from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, hydrophilic polymers are always highly extended for all conditions. However, the interesting behavior occurs for the hydrophobic polymers. Specifically, as the hydrophobic polyelectrolyte brush collapses, either by increasing ionic strength or by increasing counterion hydrophobicity, an intermediate two-phase state appears in the polymer density profile. Here, a subset of chains are collapsed in a dense layer near the substrate, and the remainder of chains are strongly extended---microphase segregation of polymer chains within the brush. Theories of,^[@ref40]−[@ref43]^ and experiments on,^[@ref44],[@ref45]^ both strongly and weakly charged polyelectrolyte brushes show that in poor solvents nanoscale lateral phase separation can occur, resulting in the formation of bundled-cylinder, micelle, and maze-like structures. Two- or three-gradient (2D or 3D) lattice nSCF calculations can be applied to study the lateral (in)homogeneity of thin brush layers. Studying this behavior requires careful consideration of the interactions between the polymer and the substrate surface. For example, when the affinity of the polymer for the substrate is sufficiently attractive, lateral stability is expected, i.e., complete wetting of the condensed polymer phase. Moreover, the thickness of the collapsed polymer phase will be important. This is indeed a complex problem and would require a separate dedicated work studying the microphase segregation. In this article we focus on salt mixtures and how the different ions interact with polyelectrolyte brushes.

![Monomer volume fraction profiles for a hydrophilic (a, b, c, χ~polymer~ = 0) and hydrophobic (d, e, f, χ~polymer~ = 2.5) as a function of χ~counterion~ (0, 1, and 2.5) and ionic volume fraction.](ma-2017-022449_0003){#fig3}

In our recent publication we report on the good agreement between nSCF predictions and neutron reflectometry results for a hydrophobic weakly basic poly(2-diisopropylamino)ethyl methacrylate brush.^[@ref10]^ This together with our previously published ellipsometry and QCM-D findings^[@ref4],[@ref5]^ provides strong validation of the assumptions within our nSCF model. Specifically, the choice to impose a solvent quality χ parameter on the anion (χ~counterion~) to simulate its degree of hydration is justified. In the next section, we extend our nSCF model to investigate mixed salt systems by studying the effect of varying the ratios of hydrophilic and hydrophobic counterions present in solution, showing that under certain conditions brush behavior can be dominated by the presence of small volume fractions of hydrophobic counterions.

Influence of Mixed Salt Solutions {#sec4.2}
---------------------------------

The brush salt response when immersed in mixtures of varying compositions of hydrophilic (χ~counterion~ = 0) and hydrophobic (χ~counterion~ = 2.5) counterions for pH = 4 is presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. We have also investigated brush response to mixtures of the counterions of χ~counterion~ = 0 and 1; the influence on average brush thickness is smaller and presented in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02244/suppl_file/ma7b02244_si_001.pdf). Calculations were also performed for higher pH values of 5.5 and 7 (where the monomer p*K*~a~ value is 7). Here, as the solution pH increases, the percentage of charged monomers decreases, for the same bulk ionic strength. Importantly, the overall trends in counterion confinement and brush response when immersed in mixed salt solutions that will be discussed in this section are the same. Considering the single salt nSCF calculations, it is not surprising that the influence of mixed salts on the average thickness of the hydrophilic weak polybasic brush is small (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). Conversely, dramatic effects are seen for the hydrophobic polymer (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). Here, the thickness of the brush decreases monotonically with increasing presence of hydrophobic counterions, for a given bulk ionic volume fraction.

![Average brush thickness as a function of ionic strength for hydrophilic (a, χ~polymer~ = 0) and hydrophobic (b, χ~polymer~ = 2.5) brushes at varying solvent compositions of hydrophilic (χ~counterion~ = 0) and hydrophobic (χ~counterion~ = 2.5) counterions as indicated, where 0% corresponds to only hydrophilic counterions and 100% is for only hydrophobic counterions.](ma-2017-022449_0004){#fig4}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} presents the volume fraction profiles for monomer segments as well as counterions for selected conditions for the most hydrophobic polymer. [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02244/suppl_file/ma7b02244_si_001.pdf) shows the profiles for a moderately hydrophobic brush (χ~polymer~ = 1) and a hydrophilic brush (χ~polymer~ = 0). From [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, an understanding of the types of brush structures is gained. At 0 and 10% hydrophobic counterions, the brush is highly swollen, and the volume fraction profiles are characterized by long tails of polymer extending away from the substrate with a low volume fraction. From 0 to 50% hydrophobic counterions in solution, the brush transitions through an intermediate two-state phase in which a proportion of the chains are collapsed into a dense inner region at the substrate, while the remaining chains are highly extended away from it. With increasing ratios of hydrophobic counterions in the bulk solution, the brush thickness decreases as the swollen tail region of the brush completely disappears, and all the polymer chains reside in a dense slab at the substrate. This behavior is clearly shown by the inset plots shown within [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b and [5](#fig5){ref-type="fig"}d--g, in which the range for the volume fraction axis is much smaller. The volume fraction of counterions does not decrease to zero, but instead to its value in the bulk solution, which occurs after the polymer density reaches zero.

![Monomer and counterion volume fraction profiles for a hydrophobic weak polyelectrolyte brush (χ~polymer~ = 2.5) immersed in mixed salt solutions composed of (a) 0%, (b) 100%, (c) 10%, (d) 30%, (e) 50%, (f) 70%, and (g) 90% hydrophobic (χ~counterion~ = 2.5) counterions; the remaining percentage is made up of hydrophilic (χ~counterion~ = 0) counterions. The bulk ionic volume fraction is 10^--2^. For (b, d--g), inset plots are provided to show the behavior at small volume fractions.](ma-2017-022449_0005){#fig5}

Close inspection of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} reveals that brush behavior in the presence of mixed salt solutions is more complex than the behavior in the presence of only single salt types. For example, comparison of [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b with [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b at the selected ionic volume fraction of 10^--2^ reveals that indeed the effect of mixed salts is much greater than one would expect on the basis of just the average behavior of the pure counterions (or the average Flory--Huggins interaction parameters of the counterions), which is explored in more detail below. This interesting behavior can be understood by considering the composition of counterions that are confined within the brush.

[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} presents the percentage of hydrophobic counterions (χ~counterion~ = 2.5) compared to hydrophilic (χ~counterion~ = 0) counterions that are confined within the brush as a function of the percentage of hydrophobic to hydrophilic counterions present in the bulk solution for χ~polymer~ = 0--2.5. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a is data for a bulk ionic volume fraction of 10^--2^, while [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b is data for a bulk ionic volume fraction of 10^--3^, and comparison of the two reveals very little difference between the two data sets showing that bulk ionic strength has minimal influence on the composition of counterions confined within the brush (which is also true for other bulk ionic strengths).

![Percentage of hydrophobic counterions confined within the brush as a function of the percentage of hydrophobic anions in the bulk solvent for χ~polymer~ = 0--2.5. The bulk solvent is made up of hydrophilic (χ~counterion~ = 0) and hydrophobic (χ~counterion~ = 2.5) counterions; the composition ranges from 0 to 100%. Results are given for bulk ionic volume fractions of (a) 10^--2^ and (b) 10^--3^. The black dotted line splits the axes symmetrically; the region above the line represents predominant confinement of the more hydrophobic counterions.](ma-2017-022449_0006){#fig6}

In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, the dotted line represents the case of ideal mixing or no specific interactions with the brush; e.g., at 50:50 hydrophobic:hydrophilic counterions in the bulk system, the composition of counterions within the brush is also 50:50. Therefore, deviations away from this line indicate more complex behavior. For the hydrophilic polymers, the confinement of hydrophobic counterions from the bulk solution is slightly favored over that of hydrophilic counterions. The hydrophobic counterions favor interaction with the brush as it allows them to interact less with the water molecules. However, the effect of this on average brush thickness is not strong as the polymer--solvent interaction is favored. As polymer hydrophobicity increases, the data diverge much further from the dotted line. In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, if we take the example of when the bulk solution is composed of 50% hydrophilic and 50% hydrophobic counterions, we see that for χ~polymer~ = 2.5 the composition of counterions confined within the brush is ∼25% hydrophilic and ∼75% hydrophobic ions, respectively, at an ionic volume fraction of 10^--2^. Overall, the trend in the counterion composition within the brush is nonlinear. [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02244/suppl_file/ma7b02244_si_001.pdf) presents the case for χ~counterion~ = 0 and 1 and shows that the confinement of the moderately hydrophobic counterions (with interaction parameter of 1) is slightly favored over that of the hydrophilic counterions.

We now present a closer look at what impact the counterion composition within the brush has on the overall brush thickness response; here we will just consider the case of χ~counterion~ = 0 and 2.5. In [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, the percentage change in brush thickness from its most swollen state (when in 100% hydrophilic ions) is plotted as a function of the percentage of hydrophobic counterions in the bulk solution for an ionic volume fraction of 10^--2^. The reduction in overall brush thickness upon the gradual introduction of hydrophobic counterions into the system (i.e., moving from top left toward the bottom right of the graph) is clear.

![Percentage decrease in brush thickness from the most swollen state (i.e., in 100% hydrophilic ions, top left of graph) as a function of the percentage of hydrophobic counterions present in the bulk solution for χ~polymer~ = 0--2.5. In all cases, the bulk ionic volume fraction is 10^--2^.](ma-2017-022449_0007){#fig7}

For the hydrophilic polymers, the decrease in brush thickness with increasing percentage of hydrophobic counterions in the bulk system is small. However, significant decreases in brush thickness are seen for the hydrophobic polymers (χ~polymer~ = 2 and 2.5) and are greatest for χ~polymer~ of 2.5. For instance, if we consider the case of 50:50 hydrophobic:hydrophilic counterions, we see that for χ~polymer~ = 0 the average brush thickness is halfway between the most swollen and most collapsed states (0% and 100% of hydrophobic ions in solution, respectively). However, for the same case at χ~polymer~ = 2.5, the percentage decrease in brush thickness is much larger at ∼85%, and the brush has almost reached the same thickness as in the case of 100% hydrophobic counterions. Indeed, substantial changes in brush swelling are even present with very small amounts of hydrophobic counterions in the system. Understanding this behavior requires investigating where within the brush the different counterions are confined.

Further analysis reveals the location of the different types of counterions confined within the brush. For this the brush is split into two regions: the inner region (close to the grafting surface, defined as volume fraction \>0.1) and the tail region (polymer that extends into the bulk solvent, defined as volume fraction \<0.1). Note that the choice of the volume fraction cutoff is arbitrary and does not affect the key conclusions drawn. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} presents the percentage of hydrophobic counterions that are confined within the inner region (a, volume fraction \>0.1) and the tail region (b, volume fraction \<0.1) of the brush as a function of the percentage of hydrophobic counterions present in the bulk solution for the same conditions as in [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a and [7](#fig7){ref-type="fig"}. [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02244/suppl_file/ma7b02244_si_001.pdf) shows the percentage of total monomers with volume fraction \>0.1 and therefore is a measure of brush conformation revealing that hydrophilic polymers (χ~polymer~ \< 0.5) are always extended with the vast majority of the monomers located in the tail region of the brush. At intermediate polymer hydrophobicities, most of the polymer still resides in the tail region of the brush, but for more hydrophobic polymers (χ~polymer~ \> 2) brush collapse is favored and most of the polymer is found within the inner region of the brush. The intriguing result is exposed by [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a and demonstrations that hydrophobic counterions have a strong preference for the collapsed (inner) region of the brush. Conversely, in the tail region ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b), the composition of ions within the brush closely matches that of the bulk.

![Percentage of hydrophobic counterions confined within (a) the inner region and (b) the tail region of the brush as a function of the percentage of hydrophobic counterions in the bulk solvent for χ~polymer~ = 0--2.5. In both plots, the black dotted line splits the axes symmetrically; the region above the line represents predominant confinement of the hydrophobic counterions.](ma-2017-022449_0008){#fig8}

The entirety of these results can assist in designing experiments to look at the effect of mixed salts on polyelectrolyte brushes. One could envisage a carefully designed neutron reflectometry experiment that could elucidate brush profile while probing the counterions confined within the brush by using, for example, deuterated hydrophobic counterions.^[@ref46]^ Simultaneous ellipsometry and QCM-D experiments would also be powerful as they are sensitive to the average and maximal extents of the brush, respectively.^[@ref47]^

Conclusions {#sec5}
===========

Numerical self-consistent field theory has been used to study the behavior of hydrophilic and hydrophobic weak polyelectrolyte brushes immersed in solutions of mixed electrolytes. A Flory--Huggins interaction parameter was assigned not just to the monomer segments but also to the counterions so that the strength of ion hydration could be varied, resembling the Hofmeister series. For mixed salts, the solvent contained two different counterion types, and the proportion of each was incrementally varied from 100% hydrophilic anions (χ~counterion~ of 0) through to 100% hydrophobic anions (χ~counterion~ of either 1 or 2.5). Results showed that for hydrophobic polymers the confinement of the hydrophobic counterions was greatly favored over that of the hydrophilic counterions. The increased proportion of hydrophobic ions within the polyelectrolyte brush shifted it toward collapsed conformations, with the effect evident even at very small percentages of hydrophobic anions in solution. Moreover, the interior of the brush (closest to substrate) was where the hydrophobic ions were predominantly confined, while the composition of the tail region of the brush closely matched that the overlying solution. With these results we have shown that mixed salt solutions offer an additional mechanism to control the response of weakly charged polyelectrolytes.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.macromol.7b02244](http://pubs.acs.org/doi/abs/10.1021/acs.macromol.7b02244).Definition of counterion confinement within the brush, supporting figures for the weak polybasic brush in the presence of hydrophilic (χ~counterion~ = 0) and moderately hydrophobic (χ~counterion~ = 1) counterions, including the polymer and counterion volume fraction profiles for χ~polymer~ = 0 and 1, and last the percentage of monomers with volume fraction \>0.1 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b02244/suppl_file/ma7b02244_si_001.pdf))
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